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Abstract 
The interaction of cytochrome c (cyt c) with the calix[6]arene carboxylic acid derivative 
(tOct[6]CH2COOH) (CX) incorporated into supported lipid membranes (sBLM) composed of 
dimyristoylphosphatidylcholine (DMPC) were investigated in the metal/insulator/metal arrangement with 
the isothermal charge transient spectroscopy (IQTS) in local mode and with voltammetry and 
measurements of double layer capacitance. Cyt c was detected on hydrated DMPC layers as a distinct 
IQTS peak with relaxation constant below 100 ms. Incorporation of CX in DMPC increased the 
sensitivity to cyt c about 50%. Reliable detection limit of cyt c was 30 nM. In sBLMs the capture of cyt c 
increased the permittivity of both sBLMs, with and without CX, respectively. Nevertheless, cyt c was 
detected in voltammogram only for DMPC layer contained CX, as a wave at the potential of +0.25 V. 
This potential is in good agreement with the redox potential of cyt c. Hysteresis in double layer 
capacitance observed only for the mixed DMPC+CX layer is interpreted by reduction of the charge, 
which is involved in the ongoing redox reaction. 
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1. Introduction 
Cytochrome c (cyt c) is a redox protein involved in mitochondrial electron transport chains which has 
been widely used as a model system to study electron transfer in proteins [1]. Through its releasing from 
mitochondria into the cytosol [2] cyt c is also responsible for activation of the programmed cell death - 
apoptosis. The detection of endogenous concentration of cyt c is of high importance for diagnosis of 
possible pathological processes in the organism. Further progress in understanding the role of cyt c as an 
electron carrier in the production of cellular energy and as an activator of apoptosis requires the detection 
of low (typically nM) concentrations of cyt c. 
Calix[n]arenes are macrocyclic aromatic molecules, which originate from the synthesis of the phenols 
and aldehydes, whereas [n] refer to the number of the phenol aromatic cycles in the molecule. The phenol 
subunits are bridged via methyl groups. This provides the characteristic vase-like shape of the calixarene 
molecule [3]. Due to the presence of the hydrophobic cavity, formed by the phenol units, calixarenes are 
being used for detection of a wide range of compounds such as metal ions, nucleosides, amino acids or 
proteins [4]. Moreover, modification of the side groups of calixarenes allows one to prepare tailor-made 
receptors with high affinity for specific target molecules. Recently, the calix[6]arene carboxylic acid 
derivative (tOct[6]CH2COOH) (CX) has been synthesized and its selective sensitivity to cyt c has been 
described by Oshima et al. [5]. This CX can therefore serve as a recognition element in a sensor for the 
detection of cyt c. The principle of interaction of cyt c with CX is based on sensitivity of CX to the amino 
groups of lysine at the surface of the protein. The amino groups participate at formation of hydrogen 
bonds and interact with the cavity of CX. CX can also form stable monolayers at an air-water interface 
and can be incorporated into bilayer lipid membrane (BLM) [6]. Supported BLM (sBLM) containing 
these calixarenes has also been recently shown as an efficient sensor for the detection of cyt c [7,8]. 
Many studies have been focused on the interaction of cyt c with lipid membranes [9]. It has been 
particularly shown that cyt c induced transition of lamellar phase composed of phosphatidylcholine and 
cardiolipin into the hexagonal phase which is favorable for the transport of cyt c through hydrophobic part 
of the membrane [9]. Since cyt c, CX, and lipid membranes are organic molecules containing polar part 
and, in addition, cyt c is capable of undergoing oxidation and reduction, electrical and electrochemical 
methods are expected to be useful for studying their properties and interactions between them. 
In this work, the interaction of cyt c with CX incorporated in sBLMs of 
dimyristoylphosphatidylcholine (DMPC) were investigated in the metal/insulator/metal arrangement with 
the isothermal charge transient spectroscopy (IQTS) in local mode. Processing of monitored charge 
transients in time domain can offer information about parameters of relaxation processes of charge 
emission or dielectric polarization. In addition, the interaction of cyt c with CX incorporated in sBLM was 
investigated in electrochemical cell with the linear sweep voltammetry and time-domain capacitance 
methods. 
2. Experiment 
2.1. Sample preparation 
All chemicals were of the p.a. grade. 1,2-sn-glycero-dimyristoylphosphatidylcholine (DMPC) was 
purchased from Avanti Polar Lipids Inc. (USA), cyt c from bovine heart was supplied by Sigma-Aldrich 
(USA). Calix[6]arene carboxyl acid derivative (t[6]CH2COOH) (CX) was generous gift from Dr. T. 
Oshima (University of Miyazaki, Japan) and synthesized according to the procedure described elsewhere 
[10]. 
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The sBLMs under investigation were prepared on gold surface evaporated on polished c-Si substrate. 
DMPC or its mixture with CX (10 mol%) were dissolved in chloroform. Drop-casted sBLMs with 
approximate thickness of 10 Pm for IQTS measurements and that prepared by liposome fusion [11] for 
electrochemical measurements were used. Successive sample treatments before measurements were used 
as follows: 
x drying at 35 oC 
x hydration in HEPES (pH 7.2) at 35 oC for 40 min 
x hydration in solution of HEPES and cyt c with different concentration (30 nM -3 mM). 
2.2. Experimental techniques 
In experiments we used charge transient method. The charge transients were induced in the external 
circuit by the rectangular voltage pulse applied to the sample. Depending on the way of processing the 
following techniques were exploited (Fig. 1): IQTS, the time-domain capacitance measurement, and 
linear sweep voltammetry. 
For the IQTS measurements an unique charge-to-voltage converter with the resolution of hundreds of 
electrons was used [12]. It allows processing the transients from 2 Ps to hundreds of ms in local mode 
when the usual evaporated top electrode is replaced by the tip of the scanning probe microscope. This 
arrangement enables to measure the effect of consecutive selected treatments on the same layer. The 
IQTS is based on the rate window (RW) concept [13], with swept RW at constant temperature. The 
transients are transformed to the form of spectrum by combining samples from the charge transients  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Timing chart of the applied voltage (a) and measured charge transients used for isothermal charge transient 
spectroscopy, IQTS (b), time domain capacitance, TDC (c), and direct current, IDC, measurement (d). 
Ex
ci
ta
tio
n 
pu
ls
e
Bias
Q
Q
0
switch
on
t1 2t1 4t1
IQTS
0
IDC
time
t1 t2
switch
on
'U
Q
0
switch
on
t0 t1 3t1
TDC
a)
b)
c)
d)
Pulse
off    > @  1221 / tttQtQIDC  
     142112231 tQtQtQQ  '
        UtQtQtQtC '¸¸¹·¨¨©§  /132112301
63 V. Nádaždy et al. /  Procedia Chemistry  6 ( 2012 )  60 – 68 
at time instants according to the equation ΔQ(t1) = Q(t1) – 1.5Q(2t1) – 0.5Q(4t1) [14] (see Fig. 1b). The 
rate window τ defined by this filter is 1/t1. This way of transient processing acts as a filter of relaxation 
times, i.e. the spectrum attains its maximum when the time constant of the relaxation process is 
comparable to tmax. The peak maximum corresponds to 0.174 of the total collected charge Q0 responsible 
for the peak. In addition, this equation eliminates the linear component of the response, which is caused 
by the integration of dc current. Basic parameters of the relaxation process, i.e., time constant and 
concentration of observed centres, can be determined from the position, shape and amplitude of the peak, 
and the activation energy from the shift of maximum, measured at different temperatures. The 
measurements were done in contact mode, where the active area of a sharpened 80-μm-tungsten wire 
oriented perpendicularly to the surface was around 100 Pm2. The duration of excitation pulses was 100 
ms, their amplitude varied from 0.05 to 5 V, and the period was set to 1047 ms. For the noise reduction 
50 transients were usually collected and averaged. 
The time-domain capacitance vs. voltage and voltammetric characteristics were measured on sBLM in 
aqueous environment in the electrochemical cell configuration shown in Fig. 2. The working carbon fibre 
microelectrode was formed using a glass micropipette with up to eight carbon fibres (diameter of each 
fibre being approximately 7 - 8 Pm). The pipette tip (diameter 100 - 150 Pm) was filled with paraffin 
wax. The exposed surfaces of the filaments were treated electrochemically before starting the 
experiments. First, a cathodic potential of - 0.8 V was applied for 40 s, followed by a triangular waveform 
of 0 to + 3 V for 10 s; finally, an anodic potential of + 1.5 V was applied for 10 s. Time-domain 
capacitance vs. voltage and voltammogram were measured with the charge integrator with a lower 
resolution of 10-15 C to adjust to the amplitude of transient charge. The time-domain capacitance C(t) is 
defined as the ratio of the total charge 'Q(t1) induced by the excitation step 'U (Fig. 1c): C(t1) = (Q(t0) – 
1.5Q(t1) – 0.5Q(3t1)) / 'U. The position of the sampling event at t1 with respect to reference level at t0 
determines total capacitance with contribution of all relaxation processes with time constants < t1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The arrangement for the electrochemical experiment of linear sweep voltammetry and time-domain 
capacitance measurement. 
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The sampling time corresponds approximately to reciprocal value of a frequency used at standard 
capacitance measurement by a harmonic signal. The parameters of capacitance measurements, the period, 
duration, and the height of excitation pulses were 10 ms, 5 ms, and 60 mV, respectively. The sampling 
time t1 and the sweep rate were set to 1.5 ms and 10 mVs-1. 
Omitting the excitation pulse and the charge processing using the filter formula IDC = (Q(t2) –Q(t1)) / 
(t2 – t1) provides direct current which flows through the sample (Fig. 1d). The voltammetry curves were 
measured with the sweep rate of 3 mVs-1. All three kinds of measurements were done at the temperature 
of 20 oC. 
3. Results and Discussion 
The representative IQTS signals obtained on pure DMPC layer for the positive polarity of excitation 
pulses are shown in Fig. 3. An IQTS peak at about 1 ms was measured on dry layer. Hydration in HEPES 
(pH 7.2) at 35 oC for 40 min leads to development of two peaks, at 100 Ps and 100 ms. Subsequent 
exposition to 30 nM of cyt c results in decay of the peak at 100 Ps and development of a dominant peak 
situated below 100 ms. All spectra were measured with excitation pulses of the same height of 1V. It 
means that an increase in the IQTS signal with hydration and cyt c exposition corresponds to the creation 
of additional relaxing centres. The situation is different for the layer prepared from 10 % mixture of 
DMPC with CX (Fig. 4). This layer in dry state showed only a weak broad IQTS spectrum with a 
maximum around 50 ms even if larger excitation pulses of 5 V were used. Hydration in HEPES (pH 7.2) 
at 35 oC for 40 min gave rise to IQTS peak located above 100 ms. Unlike pure hydrated DMPC layer, 
IQTS peak from the mixed layer, measured again with excitation pulses of 5 V, was narrower. Likewise 
for pure DMPC a dominant IQTS peak below 100 ms was detected after exposition to 30 nM of cyt c. 
Nevertheless, the total charge from the mixed layer was lower by about 50 % in comparison with DMPC 
without CX. To elucidate the role of DMPC, CX and their mixture in the interaction with cyt c pure CX 
layer was investigated as well. No IQTS signal was measured for dry and hydrated CX layers. Exposition 
of pure CX layer to cyt c results in completely different spectrum from pure and mixed DMPC layers. A 
small peak at 100 Ps and broad background signal within the measured timescale were detected for 
excitation pulses of 0.5 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison of IQTS spectra of pure DMPC layer in dry stage, hydrated in HEPES at 35 oC for 40 min, 
and exposed to 30 nM cyt c in HEPES at 35 oC for 40 min. DMPC layer drop casted on Au surface was measured at 
20 o C after treatments indicated in legend in the configuration of Au / DMPC / W tip. 
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Fig. 4. Comparison of IQTS spectra of mixed DMPC layer with 10 mol % of CX in dry stage, hydrated in HEPES 
at 35 oC for 40 min, and exposed to 30 nM cyt c in HEPES at 35 oC for 40 min. Mixed DMPC layer drop casted on 
Au surface was measured at 20 oC after indicated treatments in the configuration of Au / DMPC / W tip. Note that 
unlike pure DMPC the height of excitation pulses, 'U, was set for dry and hydrated states due to small IQTS signal 
to 5 V and for state after exposition to cyt c to 0.3 V to prevent overloading. 
It should be noted that the same IQTS spectra with opposite polarity have been also measured for the 
negative polarity of the excitation pulses applied to all samples under investigation. The spectra were not 
sensitive to change of bias voltage. Such behaviour indicates that the dipole polarization of polar 
molecules of DMPC and CX, their mutual interactions, and interactions with cyt c are a likely origin of 
the observed peaks. The presence of adsorbed water molecules makes a major contribution to the surface 
dipole potential [15] and the increase of the IQTS signal of pure and mixed DMPC layers with hydration 
supports this assumption. 
The dependence of IQTS spectra on the concentration of cyt c in the range of 30 nM-3 PM is presented 
in Fig. 5. Besides increase of the amplitude of the dominant peak below 100 ms approximately two times 
with the increase of the cyt c concentration to 300 nM two satellite peaks were clearly developed at 5 ms 
and 300 Ps. Increase of the cyt c concentration to 3 PM caused further increase of all three IQTS peaks. 
In this case, the excitation pulses were set to 0.05 V in order to prevent overloading of the charge-to-
voltage converter. The measured charge increased approximately six times at concentration of 3 PM if we 
take into consideration the similar amplitudes of dominant peak below 100 ms for the 30 nM and 3 PM 
concentrations. On the other hand, the amplitudes of satellites peaks increased nearly by factor of 20. 
Knowing the areas of DMPC and CX molecules it is possible to estimate the number of CX molecules on 
the measured surface below the probe tip and estimate the surface concentration of cyt c at which all CX 
binding sites are occupied by cyt c. The mean molecular area of DMPC is approx. 0.5 nm2 [16] and that 
of CX is 3.3 nm2 [6]. Therefore, the number of CX molecules on the surface of the area 100 Pm2 is 
approx. 1x106. If only one molecule of cyt c binds to the calixarene, we could expect saturation already at 
nanomolar concentrations. The increase of dominant IQTS peak below 100 ms and simultaneous 
development of two satellite peaks for large cyt c concentration can be interpreted by formation of 
aggregates of cyt c. The existence of aggregates was already confirmed by AFM [17]. 
The interaction of cyt c with CX was also investigated on sBLM of pure and mixed DMPC with 10 
mol % of CX by voltammetry and measurements of double layer capacitance (Fig. 6). The voltammogram  
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Fig. 5. Evolution of IQTS spectra with the concentration of cyt c. To prevent overloading excitation pulses were 
set to 0.05 V for the cyt c concentration of 3 Pm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Voltammograms (a) and time-domain capacitance (b) of sBLM prepared from DMPC with 10 mol % of 
CX and measured in electrochemical cell (Fig. 2) after hydration in HEPES at 35 oC for 40 min and exposed to 30 
nM cyt c at 35 oC for 40 min. Difference of capacitance between anodic and cathodic scans (c). Measurements were 
performed at the temperature of 25 oC. 
measured on dry and hydrated sBLM regardless of the CX presence do not show any characteristic 
feature of redox reaction. After exposition of sBLM to 30 nM cyt c for 40 min a wave at the potential of 
+0.25 V in voltammogram was detected only in sBLM mixed with CX. The position of the wave in the 
voltammogram is in good agreement with the redox potential reported for cyt c [18]. This points out that 
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the charge transfer trough the electrochemical cell takes place thanks to electrical interaction between cyt 
c and CX. On the other hand, exposition to cyt c increased the capacitance by a factor of 4 for both 
sBLMs, with and without CX. This observation is interpreted in such a way that during exposition cyt c is 
captured to both sBLM and this fact is indicated by the increase of the relative permittivity of sBLM. 
Nevertheless, capacitance hysteresis is observed only for the DMPC+CX. The correlation of 'C 
maximum sited at +0.25 V with the wave position in the voltammogram implies the origin of the 
hysteresis in the redox reaction of cyt c. Namely, at the first half of the anodic scan the redox reaction 
does not take place and total charge induced by excitation pulses contributes to double layer capacitance 
at the sBLM surface. This is not true for the cathodic scan when the double layer capacitance is lower due 
to reduction of the charge, which is involved in the ongoing redox reaction. 
4. Conclusion 
Experiments based on charge transient measurements showed to be a sensitive tool for detection of 
low concentration of cyt c. A plausible origin of observed charge transients is assigned to dipole 
relaxation of polar part in DMPC, CX, cyt c, and their mutual interactions. IQTS experiment on drop-
casted layer of mixed DMPC with CX revealed increased sensitivity to cyt c, which is detected as a 
distinct IQTS peak with relaxation constant below 100 ms. Reliable detection limit of cyt c is 30 nM. This 
is comparable with sensitivity of electrochemical impedance spectroscopy [7,8]. Capture of cyt c in 
sBLM is detected in voltammogram only for DMPC+CX, as a wave at the potential of +0.25 V with 
respect to the working electrode. The cyt c capture increases the permittivity of both sBLMs, with and 
without CX. Nevertheless, capacitance hysteresis is observed only for the DMPC+CX and DC maximum 
is also sited at +0.25 V. This potential is in good agreement with the redox potential of cyt c and the 
observed hysteresis can be connected with charge exchange on cyt c. 
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